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activityAbstract Herein, we synthesized a nonionic surfactant namely, tetradecanoate mercapto acetate
polyethylene glycol. We investigate the assembling of the synthesized surfactant on different types
of prepared nanoparticles using ultraviolet (UV) and transmission electron microscope (TEM). The
surface properties of the synthesized surfactant and its nanostructure were studied. The effect of the
prepared nanoparticles on the antibacterial activity of the synthesized surfactant toward sulfated
reducing bacteria (SRB) was described in this work. The results show the enhancement of the
antibacterial activity of the synthesized surfactant with nanoparticles more than without nanopar-
ticles.
 2015 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).1. Introduction
Surfactants have been widely used in diverse products, such as
motor oils, pharmaceuticals, detergents, and flotation agents
[1,2]. In particular, surfactants can be used as bactericidal
agents due to their amphiphilic nature and tendency to interact
with biological membranes [3,4]. It has been proposed that sur-
factants can insert into membranes as interstitial components,
leading to various functional consequences, including changes
in bilayer organization, non-bilayer phase formation, and even
solubilization [4]. In recent years, the applications of surfac-
tants have extended to the field of nanotechnology, where theyare used as powerful tools for the preparation and modifica-
tion of NPs [5–7]. The coexistence of nanoparticles and surfac-
tants can cause joint effects on biological systems and the
environment, and previous studies have shown that mixtures
of nanoparticles and surfactants exhibit two different joint
effects on organisms: (1) surfactants can attach to the surface
of nanoparticles, which alters the surface charge of the
nanoparticles and thereby their dispersibility and toxicity
[8,9] and (2) surfactants adsorbed on the surface of nanoparti-
cles can inhibit the interaction between nanoparticles and bac-
teria through steric hindrance and charge repulsion and thus
reduce the toxicities of nanoparticles [10]. Colloidal nanoparti-
cles when adsorbed at the air–liquid or liquid–liquid interfaces
can change the interfacial tension and also can stabilize the
emulsions [11–13]. The combination of nanoparticles and
surfactants at the interface is an important topic of research
especially in their application to improve the stability of
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154 E.M.S. Azzam, M.F. Zakiemulsions and foams [14–19]. Thus studies of interactions
between nanoparticles and surfactants are very important,
since, using interfacial tension data may be useful to get some
information about the interface. The sulfate reducing bacteria
(SRB) form a specialized group of microbes that use sulfate as
terminal electron acceptor for their respiration and generate
H2S as a terminal product. The ubiquity of these bacteria leads
to a variety of impressive industrial, economic and ecological
effects because of their proneness to generate large quantities
of H2S. Many corrosions of industrial equipment have been
ascribed to microbiologically influence corrosion (MIC) [20–
22]. SRB is the main reason to cause the MIC by accelerating
the corrosion rate, inducing stress corrosion and pitting corro-
sion [23–25]. In this work we describe the effect of the prepared
nanoparticles (Ag, Cu, and Zn) on the surface activity of the
synthesized nonionic surfactant (C14). We investigate the inhi-
bition of sulfate reducing bacteria (SRB) using the synthesized
nonionic surfactant. In addition, we study the performance of
different types of prepared nanoparticles on the antibacterial
activity of the synthesized nonionic surfactant.
2. Materials and experimental techniques
2.1. Materials
Chemicals used in this work were supplied as shown in
Table 1.
2.1.1. Synthesis of the nonionic surfactant (C14)
The surfactant used in this work was synthesized as follows:
2.1.1.1. Synthesis of polyethylene glycol mono palmitate. Poly-
ethylene glycol (400) (0.1 mol) and palmitic acid (0.1 mol) were
esterified in the presence of xylene as solvent and 0.01 p-
toluene sulfonic as a catalyst and the mixture was refluxed
until the azeotropic amount of water (1.8 mal.) was removed.
After removal of the solvent under vacuum using a rotary
evaporator, the catalyst was then removed from the reaction
product by extracting them using petroleum ether. Subsequent
purification was done by means of vacuum distillation to
remove the excess and unreacted and residual material [26].
2.1.1.2. Synthesis of tetradecanoate mercapto acetate
polyethylene glycol (C14). Mercapto acetic acid (0.1 mol)
and polyethylene glycol monopalmitate (0.1 mol) were esteri-Table 1 Specification of the used chemicals.
Chemicals Purity Source
Zinc chloride anhydrous AR Aldrich
Silver nitrate AR Aldrich
Sodium borohydride AR Aldrich
Nickel chloride AR Aldrich
Cupper chloride AR Aldrich
Polyethylene glycol AR Aldrich
Palmitic acid AR Aldrich
p-toluene sulfonic AR Aldrich
Xylene Lab. chemicals Aldrich
Ethanol Lab. chemicals Aldrich
Mercapto acetic acid AR Aldrichfied in the presence of xylene as solvent and 0.01 p-toluene sul-
fonic as a catalyst and the mixture was refluxed until the
azeotropic amount of water (1.8 mal.) was removed. After
removal of the solvent under vacuum using a rotary evapora-
tor, the catalyst was then removed from the reaction product
by extracting it using petroleum ether. Subsequent purification
was done by means of vacuum distillation to remove the excess
and unreacted and residual material to give the synthesized
surfactant (C14) [27] (see Scheme 1).
2.1.2. Preparation of colloidal zinc oxide nanoparticles coated
with the nonionic thiol surfactant
Colloidal ZnO nanoparticles were prepared by the reduction of
zinc chloride anhydrous in the presence of mercapto nonionic
surfactant as a stabilizer and capping agent using sodium
borohydride as a reducing agent [28]. The synthesized nonionic
surfactant (0.02 mol) was dissolved in 100 ml ethanol and then,
an ethanol solution (30 ml) of zinc chloride anhydrous (0.17 g,
0.03 mol) was added drop wise under intense stirring. The
resulting mixture was stirred for 15 min and a freshly prepared
aqueous solution (50 ml) of sodium borohydride (0.11 g,
0.06 mol) was added drop wise. The solution becomes milky
white showing the formation of colloidal ZnO nanoparticles
assembled on the synthesized mercapto nonionic surfactant160 0C
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Scheme 1 Schematic illustration of the synthesis of the nonionic
surfactant.
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then washed with ethanol and dried in a vacuum oven at
60 C then the remaining material was analyzed by UV–vis
and TEM techniques (see Scheme 2).
2.1.3. Preparation of cupper nanoparticles coated by the
mercapto nonionic surfactants as shown in Scheme 2
Synthesis of Cu0 nanoparticles was carried out by adding a 1:1
volume ratio of CuSO4 (0.04 M) into NaBH4 (0.13 M) in the
presence (0.06 mol) of the synthesized surfactant dissolved in
100 ml water [29]. The solution of CuSO4 (0.04 M) and the
synthesized surfactant were mixed at room temperature for
10 min. The resulting mixture was stirred for 15 min and a
freshly prepared aqueous solution (50 ml) of sodium borohy-
dride (0.13 M) was added dropwise. The solution becomes
milky yellow showing the formation of colloidal Cu0 nanopar-
ticles assembled on the synthesized mercapto nonionic surfac-
tant. Then the solution was decanted and the supernatant then
washed with ethanol and dried in a vacuum oven at 60 C then
the remaining material was analyzed by UV–vis, TEM tech-
niques (see Scheme 2).
2.1.4. Preparation of silver nanoparticles coated by the mercapto
nonionic surfactant as shown in Scheme 2
Silver nanoparticles were prepared by the reduction of silver
nitrate in the presence of a nonionic surfactant (C14) as a sta-
bilizer and capping agent using NaBH4 as reducing agent [30].
The synthesized nonionic surfactant (0.02 mol) was dissolved
in 100 ml ethanol and then, an aqueous solution (30 ml) of sil-
ver nitrate (0.17 g, 0.03 mol) was added drop wise under
intense stirring. The resulting mixture was stirred for 15 min
and a freshly prepared aqueous solution (50 ml) of sodium
borohydride (0.11 g, 0.06 mol) was added drop wise, the color
of the solution changed from yellow into red then brown and
the turbidity obtained indicated the Ag0 particles assembled on
the synthesized mercapto nonionic surfactant (C14). The stir-
ring was continued for 1 h. Then the solution was centrifuged
at 3000 rpm for 10 min and the supernatant was decanted and
washed with ethanol and then the remaining material was ana-
lyzed by UV–vis and TEM techniques (see Scheme 2).
2.2. Experimental techniques
2.2.1. Ultraviolet absorption measurements (UV)
UV measurements for the solutions of the nanostructure of the
synthesized nonionic thiol surfactant with the preparedAgNO3  + NaBH4 C14 surfactant
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Scheme 2 Schematic illustration of the assembling of the
synthesized surfactant (C14) molecules on the prepared nanopar-
ticles (AgNPs, ZnONPs and CuNPs).nanoparticles were carried out by hp DeskJet 920 scan UV
photometer [31].
2.2.2. Transmission electron microscope (TEM) and Energy
Dispersive X-ray Analysis (EDX)
A convenient way to produce good TEM samples is to use
copper grids. A copper grid was pre-covered with a very thin
amorphous carbon film. To investigate the nanostructure of
synthesized nonionic thiol surfactant with the prepared
nanoparticles using TEM, small droplets of the liquid were
placed on the carbon-coated grid. A photographic plate of
the high resolution transmission electron microscopy (Type
JEOL JEM-2100 operating at 200 kV attached to a CCD cam-
era) was employed in the present work to investigate the
nanostructure of the prepared samples [32].
2.2.3. Surface tension measurements
Surface tension measurements were performed for freshly pre-
pared solutions of the synthesized surfactant and its nanos-
tructures in the concentration range of 0.05–0.0000125 mol/l
at 25 C using Du Nouy tensiometer, Type K6, Kruss GmbH
Hamburg Germany [31].
2.2.4. Antibacterial activity
The antibacterial activity of an aqueous solution of the synthe-
sized surfactant and its nanostructures with the prepared
nanoparticles was measured against sulfate reducing bacteria
(SRB). Modified Postgate media was laboratory prepared
using distilled water. The bacteria are isolated and enumerated
in anaerobic conditions. All broths, dilution blanks, and incu-
bations must be maintained at temperatures of 37 C. The test
has been conducted according to ASTM D4422-84. The
method was carried out at the Egyptian petroleum research
institute.3. Results and discussion
3.1. Characterization of the assembling of the synthesized
surfactant on nanoparticles
3.1.1. FTIR spectra
The FTIR of the synthesized surfactant and its nanostructure
with the prepared nanoparticles are represented in Fig. 1. The
FTIR shows the following peaks: asymmetric and symmetric
stretching (CH) at 2918.88 cm1, 2853.62 cm1 for (C14),
2921.46 cm1, 2859.15 cm1 for (C14ZnNPs), 2919.46 cm1,
2857.25 cm1 for (C14CuNPs) and 2919.92 cm1,
2858.75 cm1 for (C14AgNPs). Symmetric bending (CH2) at
1463.67 cm1 for (C14), 1452.82 cm1 for (C14ZnNPs),
1462.39 cm1 for (C14CuNPs) and 1461.87 cm1 for
(C14AgNPs). Stretch C‚O at 1736.78 cm1 for (C14),
1733.96 cm1 for (C14ZnNPs), 1731.20 cm1 for (C14CuNPs)
and 1732.28 cm1 for (C14AgNPs). Also, two bands of stretch-
ing C–O at 1107.29, 1250.60 cm1 for (C14), 1106.49,
1252.71 cm1 for (C14ZnNPs), 11007.60, 1250.28 cm1 for
(C14CuNPs) and 1107.39, 1293.34 cm1 for (C14AgNPs). Sym-
metric bending (CH3) at 1353.21 cm
1 for (C14), 1360.32 cm1
for (C14ZnNPs), 1358.09 cm1 for (C14CuNPs) and
1384.34 cm1 for (C14AgNPs). The peak appears at position
3422.89 cm1 for (C14), 3438.66 cm1 for (C14ZnNPs),
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Figure 1 FTIR spectra of the synthesized surfactants (C14) and its nanostructures with the prepared nanoparticles (ZnNPs, CuNPs and
AgNPs).
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Figure 2 UV of the nanostructures of the synthesized surfactant
(C14) with the prepared nanoparticles (ZnNPs, CuNPs and
AgNPs).
156 E.M.S. Azzam, M.F. Zaki3408.77 cm1 for (C14CuNPs) and 3425.02 cm1 for
(C14AgNPs) indicates the presence of –OH residue, probably
due to atmospheric moisture [33]. FTIR peaks in Fig. 1 of the
nanostructure for the synthesized surfactant with the prepared
nanoparticles (C14ZnNPs,C14CuNPs andC14AgNPs) are sim-
ilar to the FTIR peak of the individual surfactant (C14) with a
slight shift which confirms the assembling of the surfactant
molecules onto the nanoparticles.
3.1.2. UV spectrum
UV peaks of the nanostructures for the synthesized surfactant
with the prepared nanoparticles (C14ZnNPs, C14CuNPs, and
C14AgNPs) are represented in Fig. 2. The UV peaks were
investigated to confirm the assembling of the synthesized sur-
factant onto the prepared nanoparticles. It was noticed from
(Fig. 3) that the peaks of the ZnONPs at 392 nm [34], CuNPs
at 580 nm [35] and AgNPs at 418 nm [36] disappeared. The
disappearance of these peaks for the nanoparticles may be due
to the neutral of the Plasmon charges surrounding the
nanoparticles as a reason of the assembling of surfactant mole-
cules onto the nanoparticles.
3.1.3. TEM and EDX
In this work, the TEM images in Fig. 3 were used to investi-
gate the assembling of the synthesized surfactant (C14) on
the prepared nanoparticles (ZnNPs, CuNPs and AgNPs). It
is clear from the TEM images that the formation of Nano
shells is related to the assembling of surfactant molecules on
the nanoparticles. TEM images show the stabilization of thenanoparticles due to the interaction of these nanoparticles with
the surfactant molecules. In addition, the TEM images indicate
the role of the alkyl chain in surfactant molecules in preventing
the aggregation of the nanoparticles in solution. The preven-
tion of aggregation of nanoparticles by the alkyl chain is due
to the steric bulk of the surfactants due to the presence of
the alkyl chain in the hydrophobic part that provides a physi-
cal barrier that prevents the metal surfaces from contacting
Figure 3 TEM images of the synthesized surfactant (C14) assembling on ZnNPs (a), CuNPs (b) and AgNPs (c).
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a cluster and thus change its stability toward aggregation. The
combination of the energetic stabilization of the metal surface
by the surfactant, the consequences of charge–charge interac-
tions, and the steric repulsion between particles prevents the
system from forming aggregates [37]. The elemental analysis
of the prepared nanoparticles was performed using EDX on
TEM. The images in Fig. 4 show the EDX spectrum of the pre-
pared nanoparticles (AgNPs and ZnNPs) with the synthesized
nonionic surfactant. The EDX of CuNPs was not added
because we used a copper grid. The peak around 3.00 keV inFigure 4 EDX of the nanostructure for the synthesizeFig. 4(a) corresponds to the binding energy of AgLa. The peaks
around 1.00 and 8.60 keV in Fig. 4(b) correspond to the bind-
ing energies of ZnLa, and Znka respectively. The peaks around
0.5 keV, 2.3 keV, and 0.3 keV are for Oka, Ska and Cka respec-
tively, while the peaks around 0.93 keV for CuLa and 8.00 keV
for Cuka are related to the copper of the TEM holding grid.
3.2. Surface activity
The surface activity of the synthesized surfactant and its
nanostructure with the prepared nanoparticles was studiedd surfactant (C14) with AgNPs (a) and ZnNPs (b).
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Figure 5 Surface tension of the synthesized surfactant and its
nanostructures with the prepared nanoparticles.
Table 3 Antibacterial activity of the synthesized nonionic
thiol surfactant and its nanostructures with different types of
metal nanoparticles against SRB.
Sample Dose (ppm)
100 200 400 600
Count cell/ml
Blank 106 106 106 106
C14 103 102 10 Nil
C14 + AgNPs 102 10 Nil Nil
C14 + ZnNPs 102 10 Nil Nil
C14 + CuNPs 104 103 102 10
158 E.M.S. Azzam, M.F. Zakiusing surface tension measurements, surface parameters and
thermodynamic parameters as shown in Fig. 5 and Table 2.
Results of surface tension represented in Fig. 5 shows reduc-
tion in surface tension values of the nanostructures of the syn-
thesized surfactant with nanoparticles more than the
individual surfactant. The nanostructure of the synthesized
surfactant with Zn nanoparticles (ZnNPs) shows the lower sur-
face tension values than the other samples. These results indi-
cate the ability of the synthesized surfactant (C14) and its
nanostructures with the prepared nanoparticles (C14ZnNPs,
C14CuNPs and C14AgNPs) for adsorption at an air/water
interface and decrease of the surface tension. The critical
micelle concentration (CMC) values listed in Table 2 give an
indication about the ability of the synthesized surfactant and
its nanostructures with the prepared nanoparticles to dissolve
in water. The lowest CMC value was found with C14AgNPs
which indicates the increase in the solubility of the synthesized
surfactant after assembling on AgNPs. The surface parameters
and free energies of micellization and adsorption for the syn-
thesized surfactant and its nanostructures in Table 2 were cal-
culated according to the pervious publication [31]. The
effectiveness values (PCMC) in Table 2 show that the synthe-
sized surfactant and its nanostructures with the prepared
nanoparticles have the ability for adsorption at water/air inter-
face and reduce the surface tension. The nanostructure of the
synthesized surfactant with the prepared Cu nanoparticles
(C14CuNPs) shows the large effectiveness value (41.50 mN/
m) which indicates that it has the ability for reduction of sur-
face tension more than the other samples. In addition, the sur-
face excess (Cmax) and minimum area (Amin) values in Table 2Table 2 Critical micelle concentration (CMC), surface paramete
synthesized surfactant and its nanostructure with different nanopart
Sample CMC (m mol/l) cCMC (mN/m) PCMC (mN/m) C
C14 0.00125 33 39.50 3.
C14 ZnNPs 0.00125 32 40.50 2.
C14 CnNPs 0.00125 31 41.50 3.
C14 AgNPs 0.00025 33 39.50 2.are compatible with the effectiveness values to give an indica-
tion that the synthesized surfactant (C14) has the ability for
reduction of surface tension at the water/air interface and
the improvement of this ability with its nanostructures with
the prepared nanoparticles (C14ZnNPs, C14CuNPs and C14
AgNPs). The values of free energies of micellization (DGmic.)
and adsorption (DGad) in Table 2 are all negative which indi-
cate that the micellization and adsorption are spontaneous.
Also, the data of free energy of adsorption are more negative
than that of micellization which reveal the ability of the syn-
thesized surfactant and its nanostructures with the prepared
nanoparticles toward adsorption at water/air interface more
than micellization in the bulk solution.
3.2. Antibacterial activity
The antibacterial activity of the synthesized surfactant and its
nanostructures with the prepared nanoparticles is represented
in Table 3. Results in Table 3 show good inhibition for SRB
uses of the C14, C14ZnNP, C14CuNP and C14AgNP samples.
The inhibition activity of the nanostructures of the synthesized
surfactant with AgNPs (C14AgNPs) and ZnO nanoparticles
(C14ZnNPs) is higher than that of the individual surfactant.
The nanostructure of the synthesized surfactant with AgNPs
(C14AgNPs) and ZnO nanoparticles (C14ZnNPs) have the
lowest count cell/ml for the live SRB cells. Good inhibition
samples for C14AgNPs and C14ZnNPs were found at 400
and 600 ppm doses on comparing with the other samples as
shown in Table 3. The enhancement in antibacterial activity
of the synthesized surfactant with nanoparticles may be related
to the presence of small-sized nanoparticles in the nanostruc-
ture of the C14 surfactant that improves the penetration of
the surfactant molecule to the cell membrane of the SRB. In
addition, the nanoparticles also react with the sulfhydryl or
thiol (SH) groups on the protein surface and form the stable
S-metal group by replacing the hydrogen cation of sulfhydrylrs and free energies of micellization and adsorption for the
icles at 25 C.
max  1011 (mol/cm2) Amin (nm2) DGmic. kJ mol1 DGad kJ mol1
97 4.18 16.57 26.51
11 7.88 16.57 35.79
62 4.59 16.57 28.04
49 6.67 20.56 36.43
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permeability and eventually causing cellular death [20].
4. Conclusions
The conclusions of this work can be summarized as follows:
We synthesized the nonionic surfactant and studied its
assembling on metal nanoparticles using FTRI, UV, TEM
and EDX techniques. The surface and thermodynamic results
show the performance of the nanoparticles on the surface
activity of the synthesized surfactant. The nanostructure of
the synthesized surfactant with ZnO nanoparticles shows more
surface activity than the other samples in this work. The syn-
thesized surfactant shows antibacterial activity toward SRB.
Results show the enhancement of the antibacterial activity of
the synthesized surfactant in its nanostructure with Ag and
ZnO nanoparticles. The nanostructure of the synthesized sur-
factant with Ag and ZnO nanoparticles has large inhibition
activity for SRB cells.
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